ABSTRACT With an exponentially increasing number of users and their data rate demands, current 4G cellular networks need to be evolved to next fifth-generation networks. A heterogeneous cloud radio access network (H-CRAN) is the promising architecture for future high data rate enabled, energy efficient networks. The H-CRAN differs from today's cellular system by addition of an extra number of remote radio heads (RRHs) within the vicinity of one macro base station. This provides high data rates to users with minimized interference by centrally controlling the resource allocation. On the other hand, increased density of hardware in the area, the H-CRAN also consumes more grid power of the system. To mitigate the greater power requirements for this type of a dense network, energy harvesting (EH) techniques are used to minimize the consumption of grid power. In EH, energy is harvested from ambient sources, such as solar and wind. By maximizing the harvested energy usage instead of grid power, the system's energy efficiency (EE) can be improved significantly. In this paper, the EE of an H-CRAN consisting of several green RRHs powered by EH modules is explored. A mixed integer non-linear programming problem is formulated, which maximizes the EE of the system. A mesh adaptive direct search algorithm is used to optimize the problem. As a result of this optimization, efficient power and resource allocation are done and higher EE is achieved with low complexity and lower consumption of grid power.
I. INTRODUCTION
Increasing number of smart devices and exponential development in new multimedia rich applications are causing a huge encumbrance on existing cellular networks. On average, a smart device generated 13 times more traffic than nonsmart device and approximately half a billion (429 million) mobile devices and communication connections were added in the year 2016. Over past five years growth of 18 folds is observed in mobile data traffic [1] . Evolving Fifth Generation, 5G, heterogeneous mobile networks, where a macrocell has various low power small cell base stations (BS) underlying within its coverage area, is an auspicious solution toward achieving both spectral efficiency as well as EE in cellular communication. Since the introduction of wireless communication to the world, optimizing performance metrics for network design were data rate, throughput, latency, etc., but for the last decade EE has appeared as a new prominent figure of merit, as concerns about economy, operational costs and environmental effects has emerged [2] - [4] . Even it is extensively studied part of 5G networks, EE still has gaps for exploration and improvement. In [2] , four approaches are described which can be useful in improving EE, these are, Resource Allocation (RA), deployment and planning, hardware solutions and Energy Harvesting (EH). Energy efficient resource allocation can be attained by allocating the exact required resources to every user according to its channel state and data rate demand so that wastage of bandwidth and power can be minimized. Deployment of the network equipment plays an important role in increasing EE of the network. The smart planning of the network result in deploying minimum number of network equipment while increasing or at least maintaining the system throughput to satisfy the end user. Small cell based Heterogeneous Networks (HetNets) and H-CRAN are major candidates to enable 5G networks.
Recently EH, has acquired more attention after the concept of Green Networks. EH can be defined as a process to obtain the energy from the natural (wind, solar, etc.) or dedicated man-made (RF waves) energy sources and use this energy for targeted low power operation, directly or after storing in a battery.
A. LITERATURE REVIEW
The necessity for implementing green communication has been recognized by the research groups and the industrial assemblies worldwide [5] , [6] . The upcoming 5G shift will be focusing on new techniques in network deployment, resource allocation, grid energy management and base stations that are smart enough in traffic offloading and efficient sleep control to maximize the EE.
Studies target the improvement of EE and cost minimization of the system by minimization of transmit powers of base stations and minimization of grid energy consumption with the help of traffic shaping and EH and green energy management respectively [7] . User association, resource allocation and base station sleep control have also been focused in literature to improve the EE [8] , [9] . A multi-cell cooperation scheme is discussed in [10] , a cooperative transmission and sleep mode operation is proposed to confront the intercell interference and conserve the network energy. Reference [10] also investigate the integration of hybrid energy sources in proposed system to get green multi-cell cooperation. In [11] , an optimization problem for minimization of transmit power across the network is formulated. Problem is subjected to data reliability, information security and EH to achieve rank-one optimal solution. In [12] , the joint optimization problem is formulated for maximizing the total system utility of both end users and network operators. Location deployment and mobile management are taken into account.
As discussed earlier minimization of grid energy also causes system EE to improve, [13] , [14] adopted optimized user association and green power allocation algorithms to minimize the grid energy consumption. References [15] and [16] minimize the grid energy consumption by efficient resource allocation in hybrid system. Battery leakage constraint is also subjected in [16] . Grid energy and achievable Quality of Service (QoS) are optimized by Lyapunov power control and base station assignment algorithm in [17] . In [18] a game theoretic approach is discussed for energy cooperation in small cells to minimize the grid energy. Reference [19] uses base station sleep control technique to optimize the grid energy consumption and capacity maximization in EH aided cellular system. System capacity of EH empowered system is maximized by adaptive user association in [20] and resource optimization in [21] and [22] . In [23] and [24] , system's EE is maximized by controlling power allocation and energy management among the cells in heterogeneous networks with hybrid energy sources. Reference [25] uses first harvest-then-transmit technique on user level to maximize the energy level of the user which is defined as ratio of system throughput to amount of harvested energy. Simultaneous wireless information and power transfer (SWIPT) is discussed in cloud based cellular network in [26] . A ractina is utilized which harvest energy from six frequency bands. As a result of proposed algorithm, devices are able to harvest more RF energy and hence improving the overall EE of cloud based cellular system. In [27] introduces massive Mulitiple Input Multiple Output (MIMO) technology along with EH technique in small cells to maximize the EE performance of the system. Capacity is maximized in HetNet based cellular system with energy efficient power allocation and admission control using a heuristic algorithm while taking energy causality constraint in to account.
Due to its cloud based nature, H-CRAN as a promising candidate is also been studied in literature [28] and [29] . According to [28] , the motivation of H-CRANs is to integrate the cloud computing technology into HetNets so that a large-scale centralized cooperative signal processing and networking functionalities can be realized, and thus spectral and EE performance is substantially improved beyond existing HetNets and Cloud Radio Access Networks (CRAN). Chen et al. [30] discussed a CRAN architechture in which BSs are solely powered by EH. BSs are also enabled with SWIPT technique. Throughput is maximized through a nonconvex optimization problem. In [31] CRAN with RRHs solely powered with harvested energy is considered and user utility is maximized with efficient resource and data allocation. Multi-tenant H-CRAN approach is applied to achieve higher system throughput and improved fairness and QoS performance in [32] . Qiao et al. [33] proposed a hierarchical framework for the design and analysis of H-CRAN with EH aided RRHs and heterogeneous internet service provider with objective to reduce energy cost significantly. In [34] , EE is maximized in H-CRAN by using online learning model to optimize the resource and power allocation backed by test bed implementation and simulation results. Maximization of the capacity of the H-CRAN system in which RRHs are solely powered by EH, is studied in [35] . Energy efficient user association is done to maximize the capacity and Lagrange dual decomposition algorithm is used to solve the optimization problem. EE is maximized in H-CRAN, without any EH, by efficient user association in [36] using lyapunov optimization technique. Peng et al. [37] evaluate the EE in H-CRAN by efficient resource and power allocation. Similarly [38] uses congestion control and resource optimization to save power and maintain a minimum EE constraint. Capacity is maximized in [39] with joint user association and admission control without EH using outer approximation algorithm. Summarized literature review is given in Table. 1.
It is observed from the literature review that studies focus solely on metrics like resource allocation, power allocation, admission control and EH integration to optimize the EE of the system. The lack of energy efficient joint resource and power allocation in H-CRAN based cellular network that is also aided with harvested energy, is key reason of motivation for the proposed work. As depicted in Table-1 and to best knowledge of authors, this work is first attempt to solve this joint optimization problem to optimize EE of EH enabled H-CRAN cellular network using less complex Mesh Adaptive Direct Search (MADS) algorithm. 
B. CONTRIBUTIONS
The main contribution of this paper is summarized below:
• An H-CRAN architecture is considered in which several green RRHs powered by harvested energy are deployed to increase the system capacity. Capacity of system is increased significantly without putting any burden on grid energy.
• User association is maximized so that most of the user can be served constrained by the QoS threshold. Admission control is considered to keep the system Key Performance Indicators (KPIs) up to the mark. If any user does not fulfill the minimum admission requirements, it will not be served.
• In practical scenario, rate of arrival of harvested energy and traffic are totally random in nature and can not be known precisely a priori, so power allocation is also optimized to use the green energy efficiently.
• A less complex sub optimal algorithm MADS [40] is used to solve formulated fractional MINLP problem which gives −optimal solution and allocates the power and resources to a user very efficiently.
This paper is comprised of eight sections. Introduction is presented in section I. Section II discusses different research works that have already been carried out related to proposed work. System model is presented, and problem is formulated in Section III. Proposed MADS algorithm is described in detail in Section IV. In Section V the complexity of MADS algorithm is discussed. Simulation setup and results are presented in Section VI. This paper is concluded in Section VII.
II. SYSTEM MODEL AND PROBLEM FORMULATION
CRAN consist of Base Band Unit (BBU) and several RRHs. BBU is a centralized processing and signaling unit, connected to all RRHs via front haul links. The CRAN in which there is also a Macro Base Station (MBS) is known as Heterogeneous Cloud Radio Access Network (H-CRAN). MBS do all the signaling directly to user equipment to improve mobility and is connected to BBU pool via back haul link. Proposed system model considers H-CRAN consisting of one MBS which is powered by grid energy to ensure the non stop operation as MBS is responsible of signaling and user mobility monitoring of whole network. There are I number of Green RRHs (GRRHs), which are solely connected to harvested energy (solar, Wind, etc.). GRRHs are low power BSs hence can be operated solely by EH. Extra harvested energy in GRRHs can be stored in battery connected to them. It is assumed that when the GRRH is in active mode, available energy is enough to serve the users and keep the QoS. In case it do not have enough energy available, GRRH is put to sleep mode so that it can store energy back to serving level. Centralized BBU have knowledge of power status of every GRRH connected to it so that it can decide whether to assign resources to them or keep them in sleep mode until there is enough energy is available. There are N number of User Equipment (UEs) which can be connected to either MBS or any of GRRH. UEs with high data rate demand can be served by GRRH and UEs with low data rates are served by MBS. UEs can also be served by GRRH, if MBS has high traffic and resources cannot be allocated to any further UE. Efficient user allocation is done by centralized BBU pool. Proposed system model is shown in Fig. 1 . VOLUME 6, 2018
A. RESOURCE ALLOCATION MODEL
Proposed model considers downlink, Orthogonal Frequency Domain Multiple Access (OFDMA) based H-CRAN. Let there be one MBS M and i GRRHs such that i ∈ R = {1, 2, . . . , I }. There are n number of users where n ∈ N = {1, 2, . . . , N }. Let x n s be the binary indicator for user connection mode, ie, user is either connected with MBS or any GRRH R i . Where s ∈ S and S = {M , R 1 , R 2 , R 3 , . . . , R I }. This mode selection indicator can be written as: x n s = {0, 1}∀n ∈ N , s ∈ S. Let y n be the user selection indicator which decides whether user is admissible to connect with MBS or any GRRH or not, such that, x n s ≤ y n . Let p n M and p n R i be the power allocated to user n while connected to MBS or any GRRH R i respectively. Channel gain of MBS and GRRH is denoted by φ n M and φ n R i respectively and stated as:
where φ n M and φ n R i
are Rayleigh random variables for MBS and GRRHs respectively. ð be the lognormal shadowing. According to proposed resource allocation policy, the total data rate of the system as:
where c n s is the data rate of user n served by MBS or any of GRRHs and is given by:
where p n s is power received by the UE n from MBS or any GRRH R i . N 0 is the channel noise suffered by the signal.
B. ENERGY MODEL
As mentioned earlier that each GRRH is solely powered by ambient source of energy which is harvested and stored in a rechargeable battery though EH modules such as solar panels and wind turbines at each GRRH location. Let maximum storage capacity of battery of GRRH R i is ε R i . Let E avail R i denotes the available energy at GRRH R i and e R i denotes the amount of energy harvested by GRRH R i in each time slot such that:
where γ R i is the maximum amount of energy that an GRRH R i can harvest in one time slot. EH model is proposed to be a random process and for any GRRH, γ (t) is independent and identically distributed over [0, γ max ] at each time slot t i.e., γ R i (t) ≤ γ max . It is assumed that proposed system may have no a priori information about γ R i (t) which is practically valid when no statistical data is available for EH process. It is assumed that in active mode the GRRH is in full operation mode and all of its components are operating at full power. If the stored energy is not enough to serve the users, GRRH is put in sleep mode. In sleep mode only energy storage monitor and fronthaul link is operational and other components which include signal processing circuit, amplifiers and transceivers are either operating on low power or fully off mode. BBU pool has information of status of all the GRRHs connected to it and is able to allocate the resources accordingly.
According to proposed resource allocation model the total power consumption of MBS and GRRH R i is given by:
where P s is further explored as:
where
are the drain efficiency of MBS and GRRH R i respectively. Drain efficiency is the ratio of RF output power to the input direct current power of the amplifier. It is assumed that drain efficiency of all GRRHs are same. Total power consumption of the system will be:
where P static M and P static R are static power consumption of MBS and GRRH respectively. Now as the total power consumption of GRRHs is known, the energy available at GRRH will be given as:
where [x] + = max{x, 0}. Equation [10] shows that to serve any UE, GRRH R i should harvest the energy greater than the static power consumption. Successful communication by GRRH is constrained by the available energy in its battery, that is:
Moreover, as the battery has a finite capacity it is possible that energy charging overflows the battery capacity. To limit the charging of battery to the maximum battery capacity, following limitation is considered:
All symbols and notations used in formulation of the problem are listed in Table. 2. 
C. PROBLEM FORMULATION
For a given period of time, number of transmitted bits consuming one joule of energy is termed as EE. Hence EE of the system will be the ratio of total data rate of the system to the the total power consumption, and is given by:
If the total capacity is in bits/sec and total power is in watts then EE can be measured in bits/sec/watt or bits/joule. This classic metric of EE do not take into account the spectral efficiency (SE) of the system. System capacity per unit of bandwidth is defined as SE and is measured in bits/sec/Hz. Hence the resulting metric bits/sec/Hz/watt also take the SE into account. According to proposed system model, EE can be stated as:
After defining EE, an EE maximization problem is formulated with objective function, U, mathematically stated as: 
where C min n is the minimum data rate that can be allocated to a user by MBS or GRRH. P max M and P max
are the maximum transmit powers of MBS and GRRHs respectively. P static R and P static M are the static power consumption of GRRHs and MBS respectively. Static power is used to power up the circuit board, cooling system, front haul and back haul power in GRRH and MBS respectively. Constraint C1 ensures that the user is connected to MBS or any one of the GRRHs at a given time.Constraint C2 is the QoS constraint ensuring the minimum data rate that can be allocated to a user. Constraints C3 and C4 ensures that if user is not connected to any base stations its power will not be taken into account. Constraints C5 and C6 are maximum power constraint that MBS and GRRHs can transmit to their users respectively. Constraint C7 is the energy causality constraint which ensures that energy stored in the battery should be greater than or equal to the transmit power needed for communication and static power consumption of GRRH. Constraint C8 expresses the battery overflow constraint, i.e., energy stored in the battery cannot exceed the maximum battery capacity. Constraint C9 limits the value of resource allocation indicator to binary values {0,1}.
III. PROPOSED TECHNIQUE
For proposed optimization problem, Mesh Adaptive Direct Search (MADS) algorithm [40] is used. This method is an iterative algorithm which performs an adaptive search on the tower of underlying meshes on domain space along with the control over resizing and refinement of the mesh. MADS Algorithm is composed of a search and poll method as in each iteration there are two steps called SEARCH step and POLL step. The objective of an iteration in MADS is to find the function minimum among some trial points on a predefined mesh of points with the help of SEARCH and POLL steps. In SEARCH step solutions over the trial points are calculated and compared with current incumbent point. If there is a better solution than the current point is found, then it is updated with new improved solution point as a starting point for next iteration. If SEARCH step fails in finding the improved solution, then the POLL step is invoked which tries to find the solution with its new parameters. If POLL also does not succeed in finding the improved solution, the iteration then be called an unsuccessful iteration. The mesh is redefined by reducing its size and hence increasing its resolution, and whole process is repeated. The pseudo code of the algorithm is given in Fig.2 . The four main steps of the algorithm, initialization, SEARCH step, POLL step, parameter update, are explained in detail below:
Iteration is initialized given x 0 ∈ where is the domain space and x 0 is the initial iteration. Mesh size, poll size and direction set are also defined in this step. Trial points will be the member of current mesh M k which is constructed with the help of direction set D ⊂ R n → R ∪ {+∞} having finite number of n D directions scaled by a mesh size parameter m k ∈ R + . Mesh is not actually constructed but just overlies the MADS algorithm. Mesh will be defined as in [40] :
where S k is set of points where objective function f had been evaluated by the start of first iteration.
B. SEARCH STEP
After initialization the SEARCH step tries to trace a function f minimum over by assessing f at some trial points. At each iteration, algorithm generates a finite number of trial points. Among these trial points the infeasible ones are discarded, and the feasible ones are considered. Objective function values at feasible trial points are compared with the current incumbent value f (x k ), i.e., the best feasible objective function value found so far. Strategy same as Generalized Pattern Search (GPS) algorithm can be used in the SEARCH step to generate the points [40] , [41] . When an improved mesh point is found, its up to the user to continue to search further improved solution point or stop the algorithm. In either case the next iteration will be started with new improved incumbent solution point x k+1 ∈ such that f (x k+1 ) < f (x k ) with mesh size parameter m k+1 equal to or larger than m k .
C. POLL STEP
When the SEARCH step is failed to locate an improved mesh point then the POLL step is called before the iteration is terminated. The POLL step explores the space of optimization variable locally near the current incumbent solution x k . POLL steps involves another parameter called poll size parameter p k ∈ R + for iteration k. The set of trial points generated by the POLL step is called frame. This frame is constructed using current incumbent point x k as a frame center and the new direction set D k . D k is constructed with the help of mesh and poll size parameters m k and p k respectively such that D k is not the subset of D. MADS frame defined in [40] is as follow:
The way m k is updated should satisfy that m k ≤ If the poll step finds an improved solution then it moves its frame center x k to the new improved point x k+1 for next iteration k + 1. If the POLL step fails to find the improved mesh point then the frame is said to be a minimal frame and the frame center x k is said to be the minimum frame center. This leads to the mesh refinement, i.e., mesh size is reduced to increase the resolution of the mesh for next iteration: k+1 < k . This whole process is shown in the flow chart given in Fig. 2 . 
IV. COMPLEXITY ANALYSIS OF MADS
Unlike traditional optimization techniques which require first or higher derivative information to get to optimal solution, MADS algorithm has capability to solve a nonlinear programming problem without requiring information about the gradient of the objective function. MADS, uses extreme barrier approach with the constraints, by considering the objective function as infinity for infeasible points and treats the problem as unconstrained programming problem [40] , hence reducing its computational complexity. Global optimal solution can be obtained Exhaustive Search Algorithm (ESA) but its complexity increases exponentially as the number of users in the network is increased. Let C denotes the computational complexity of an algorithm and N be the number of users than complexity of ESA will be given as:
But with MADS, −optimal solution can be obtained in finite number iterations [42] . MADS converges in finite number of iterations with independence of initial point knowledge and the gradient of the objective function. Complexity of MADS is given by:
where ϑ is the error tolerance of − optimal solution from the global optimal solution. Similarly, complexity of Outer Approximation Algorithm (OAA) is given be:
where ω denotes the number of constraints [39] . Complexity of OAA is number of constraints times higher than the complexity of MADS. Computational complexity trend of ESA, MADS and OAA are presented in Fig. 3 . 
A. CONVERGENCE ANALYSIS OF MADS
In [40] , complete proof on convergence of the MADS algorithm is presented. The algorithm converges to pointx globally, where it satisfies all the local optimality conditions. Convergence of MADS does not depend on the starting point x 0 and depends on local properties of the objective function and constraint functions. It is assumed in the algorithm that at least one initial point in X is given, which may or may not be in feasible domain space , and all the iterations belong to a compact set. If there is no information available about the objective function f thenx can be considered as limit for local optimizer for the infinitely fine meshes. The resulting solution is called the zeroth order result. If atx, hyper tangent cone of domain space is non-empty and f is Lipschitz nearx, then at x the Clarkes generalized directional derivatives of f [43] in all of the directions in the Clarke tangent cone are nonnegative. Abramson and Audet [44] , extend the convergence analysis of MADS algorithm to second order stationary points.
V. SIMULATIONS AND RESULTS
Experimental results for this work is obtained with a simulation setup to optimize equation (15) which is a fractional programming problem to evaluate the EE of the system. Results include efficient power allocation and user association to attain maximum throughput. The effect on grid energy is also highlighted. To solve the problem open source nonlinear mixed integer optimization using Mesh Adaptive Direct Search (NOMAD) [45] solver is used.
A. SIMULATION SETUP
Parameters used for the simulation system are given in table 3. For all the simulation radius of macro cell is set to 1000 m and for each GRRH radius is set to 200 m. Maximum transmit power for macro cell P max M , and each GRRH R i ,P max R i is set to 24 W and 12 W respectively. Minimum data rate requirement for any user is set to 100 kbps. Reference distance as per antenna far field d 0 is set to 10 m and d is always greater than d 0 . Path loss exponent α is set to 2 and zero mean Gaussian variable for shadowing ð is set to 10 dB. Circuit power for macro BS is set to 10 W and for each GRRH is set to 0.3 W. EH rate for any GRRH range from 0 W to 15 W per unit time. Maximum battery capacity ε i attached to GRRH is 5 kWh. Users are supposed to be uniformly distributed in the network. 
B. RESULTS AND DISCUSSION
Optimization of the network EE is achieved using MADS algorithm. In Fig. 4 , EE is plotted against the number of users. The general trend of this relation is that EE of the system increases when number of users is increased. It is observed that using MADS we achieve the same trend i.e., EE increases as number of users is increased. It becomes constant when maximum system capacity limit reached. System will not admit the users to keep the QoS constraint ensured. Fig. 5 , shows the plot of user associated to each BS when the number of users increased. User association is maximized in the formulated problem. System tends to admit maximum number of users while keeping the QoS constraint in consideration. It is observed that almost all users have been admitted up to sixteen users. Moreover it is also observed that more number of users are connected to GRRH as compared to MBS hence increasing the utilization of green energy. This minimizes the grid energy cost effectively. 6 , shows the total system throughput vs number of users. Plot depicts that as the number of users increased system throughput also increases. if the number of users are further increased, data rate will stay constant to maximum system capacity limit. System throughput also depends on the channel state between the BS and the user. Proposed formulation keep the minimum rate constraint in to account so that QoS is kept ensured. Fig. 7 , shows the utilization of grid energy when EH is integrated with the system. In the plot bars show 100% utilization of grid energy when EH is not integrated. When EH is integrated, only circuit and transmission power of MBS is taken into account. Grid energy minimization is obvious as all the RRHs are off the grid. But it is also observed that due to efficient resource allocation, most of the users are connected to GRRHs hence maximizing utilization of green energy. It is observed that grid power utilization is cut to approximately half due to efficient user association with EH aided GRRHs. Fig. 8 , shows the EE of the system with different QoS requirements. Graph is plotted with 100 kbps, 500 kbps and 1 Mbps minimum data rate requirements against EE of the system. It is observed that as the data rate requirement gets high, EE decreases. This is due to the reason that system rejects the users when they don't meet the QoS requirements. As the QoS threshold gets high system tends to allocate more power to the users to maximize the user association.
Energy efficiencies calculated by MADS and OAA are compared in Fig. 9 . It is observed that EE trend is same in both OAA and MADS but EE values in OAA are slightly higher than MADS. As discussed in section IV, if the complexity graph of MADS and OAA in Fig. 3 is considered, complexity comparison shows that with much less complexity of MADS algorithm, slight trade off in EE values is acceptable between OAA and MADS, as computational complexity of OAA is higher than MADS.
VI. CONCLUSION
In the very dense 5G H-CRAN architecture, an extra ordinary burden is put on grid energy. In this paper, EH is integrated in the system to reduce the grid energy consumption. A joint optimization problem is evaluated which considers, user association, power allocation, admission control and EH integration to maximize the system EE in bits/sec/Hz/watt for downlink in H-CRAN that is comprised of one macro base station connected to grid energy and several green RRHs (GRRHs) empowered solely with harvested energy. An EE optimization problem in HCRAN is formulated as fractional mixed integer nonlinear programming problem, and is solved using Mesh Adaptive Direct Search (MADS) algorithm. Proposed algorithm is also less complex and yields − optimal solution in finite and fewer iterations than outer approximation algorithm and exhaustive search algorithm. Different metrics of the system and effects of EH on grid energy and power allocation to the users are observed. Results shows that EE is improved as the number of users is increased for proposed algorithm. Moreover, users are associated, in majority, to energy harvested GRRHs hence decreasing the load on grid energy which in turn enables green communication. Results show that the consumption of grid energy is approximaitely reduced to half, as much of communication is done by GRRHs. FARHAN QAMAR received the B.Sc. degree in computer engineering and the M.Sc. degree in telecommunication engineering from the University of Engineering and Technology (UET) at Taxila, Taxila, Pakistan. After his graduation, he remained attached with different sections of Huawei and Mobilink including R&D Department for over eight years. Since last five years, he has been an Assistant Professor with the Telecom Engineering Department, UET Taxila, where he is currently a Principal Investigator of the Advance Optical Communication Group. His area of interest includes chaos communication, optical networks, advance modulation formats, and radio over fiber. VOLUME 6, 2018 
